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ABSTRACT
Vertical Electrical Impedance Measurements
of Concrete Bridge Decks
Jared Scott Baxter
Department of Electrical and Computer Engineering, BYU
Doctor of Philosophy
This research focuses on the creation, validation, automation, and deployment of a
nondestructive vertical electrical impedance (VEI) bridge deck assessment apparatus. A
multichannel impedance analyzer with a moving platform is developed that can assess the
deterioration state of a bridge deck without stationary traffic control. The multichannel apparatus
is capable of taking over 500 impedance samples a second and can scan a bridge deck over 500
times faster than more traditional techniques. This research also shows VEI measurements are
inversely proportional to the diffusivity of ions through concrete and that an impedance
measurement frequency of 25 kHz is the most predictive measurement frequency of diffusivity.
Finally, this research demonstrates the utility of VEI measurements by inspecting five asphalt
overlaid bridges. VEI measurements were sensitive to defects in membranes and are one of the
only nondestructive measurements that provide useful information about the deterioration state
of asphalt overlaid bridge decks.

Keywords: electrical impedance, bridge decks, non-destructive evaluations.
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CHAPTER 1.

1.1

INTRODUCTION

Problem Statement
There are currently 616,096 bridges in the United States [1]. Of these bridges 9.1% are

classified as structurally deficient [2, 3]. The current estimated cost to repair, rehabilitate, or
replace these structurally deficient bridges is $33 billion [4]. Two of the main problems facing
bridge managers are reducing the rehabilitation cost of structurally deficient bridges and
maintaining structurally sound bridges to prevent future rehabilitation costs. Both of these
problems are significantly simplified with accurate knowledge of a bridge’s deterioration state.
Accurate estimation of the deterioration state of a bridge allows for a tailored
rehabilitation plan to address the unique deficiencies that are present. Knowledge of the
deterioration state of a bridge also allows for preventative maintenance when maintenance costs
are relatively cheap as compared to later on when the deterioration becomes more severe and
maintenance costs are greatly increased [5]. Unfortunately, accurate knowledge about the
deterioration state of a bridge is difficult to obtain without appropriate assessment tools, that
currently do not exist. The need for appropriate assessment tools requires new innovative
approaches [6-8].
The bridge deck deteriorates faster than any other bridge element and is the least
accessible due to traffic. Bridge decks thus need specialized equipment to accurately measure
deterioration rapidly without significant disruption to traffic. This research focuses on the
1

creation, automation, and deployment of nondestructive vertical electrical impedance (VEI)
bridge deck assessment apparatus developed to address this critical assessment need [9-15].

1.2

Introduction to Bridge Decks
There are many different deterioration phenomena that cause a bridge deck to degrade

over time. These phenomena include: steel reinforcement corrosion, carbonation, alkali-silica
reaction, crystallization, leaching, oil and fat influence, salt and acid actions, creep, fatigue,
influence of high temperature, modification to founding conditions, overloading, shrinkage, and
water penetration [8]. Of all of these deterioration phenomena the strategic highway research
program (SHRP) identified four deterioration mechanisms that are of higher concern than the
others. These mechanisms are rebar corrosion, deck delamination, vertical cracking, and concrete
degradation [8]. The following explanation is in semi-chronological order as far as defect
initiation and progression.

1.2.1

Vertical Cracking
As shown in Figure 1-1, vertical cracking corresponds to cracks that propagate vertically

through the concrete. It is likely the least severe deterioration of the four deterioration methods
mentioned. Sources of vertical cracking include plastic shrinkage, hydration heat, ambient

Figure 1-1: A graphic of vertical cracking in concrete.

2

temperatures, geometric constraint as the deck concrete cures, traffic load, and freeze-thaw
cycles [8, 16]. Although often not as serious as other deterioration mechanisms vertical cracking
still weakens the concrete and allows easier chloride ion penetration leading to rebar corrosion.

1.2.2

Rebar Corrosion
Rebar corrosion occurs when chloride ions reach critical concentrations near the rebar of

a bridge deck. When this occurs an oxidation reduction reaction is initiated inside the bridge and
the rebar begins to rust, as shown in Figure 1-2. As the rebar rusts, it expands, causing the
concrete to be put under tension [17, 18]. Concrete is significantly stronger under compression
rather than tension. Because of steel conversion to rust, there is cross sectional loss of the rebar,
which further weakens load capacity.
Chloride ions that cause this problem usually come from deicing salts placed on bridge
deck surfaces in cold regions, or sea salt in coastal regions. Once the bridge deck surface has
been exposed to salt, hydrated salt disassociates into ions that naturally diffuse through the
concrete to the rebar. Rebar corrosion can be mitigated by increasing the impermeability of the
concrete or by coating the rebar with a thin film of epoxy. Unfortunately, the epoxy coating is
often compromised in the construction process.

Figure 1-2: A graphic of rebar corrosion with blue dots representing chloride ions.
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1.2.3

Deck Delamination
Delamination is subsurface horizontal cracking of concrete caused by rebar corrosion, as

shown in Figure 1-3. When the rebar corrodes and expands the tensile force inside the concrete
causes subsurface fracture planes. Delamination is not visible from the surface, but if not taken
care of in a timely manner will eventually form into potholes or other types of concrete
deterioration. This type of deterioration, as shown in Figure 1-4, is then plainly visible on the
bridge deck surface.

Figure 1-3: A graphic of deck delamination occurring directly above rebar corrosion.

Figure 1-4: A graphic of concrete deterioration.
1.2.4

Concrete Deterioration
Concrete deterioration is anything that causes a reduction of concrete strength. It is often

a result of cracking, delamination or other phenomena, such as alkali-silica reaction, delayed
ettringite formation, plastic shrinkage, and freeze thaw cycles [8]. Concrete deterioration may or
may not be visible on the surface of the concrete, but it is a catch-all for the ways in which the
concrete itself may no longer perform adequately.
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1.3

Introduction of Bridge Deck Assessment Tools
Many tools have been developed to assess bridge deck deterioration. All of these

assessment tools have benefits and draw backs. Important features for any deck assessment tool
include:
Speed – One of the main difficulties of bridge deck inspection is minimizing traffic disruption.
Traffic disruption is expensive both for the Departments of Transportation and for citizens
affected by the traffic disruption. Ideally, a test technique should be fast enough to be performed
with minimal or no traffic control. Few technologies are currently fast enough to be performed
without stationary traffic control. Speed also limits the use of many techniques that are highly
effective in a laboratory setting, but do not perform quickly in the field.
Non-destructive – Due to the large cost associated with any defect on a bridge deck it is
important for a practical assessment tools to be non-destructive. In contrast, coring is an ideal
way to bring materials from a bridge deck into the laboratory for extensive testing, but it is
inherently one of the most destructive ways to analyze a bridge deck.
Robust – A bridge deck is different from a laboratory setting in that significant variation is found
on bridge decks and in the environment surrounding testing. Ideally assessment tools should be
robust to variables such as weather, extreme variations of temperature, wind, and surface
conditions such as roughness or debris.
Repeatable – Assessment tools should be repeatable. Not only should a single operator be able to
obtain a measurement consistently on the same deck, but multiple operators should be able to
obtain the same measurements. Chain dragging and other acoustic assessment tools have often
been plagued by lack of repeatability [19].
5

Below is a list of the most common assessment tools used today and a short summary on how
they perform.

1.3.1

Visual Inspection
Visual inspection is the most commonly used assessment tool. Visual inspection

involves recording visually apparent defects. This can be done from safe locations off of the
bridge deck or in a vehicle traveling over the bridge deck. This technique is only sensitive to
vertical cracking and concrete deterioration. This technique is fast and doesn’t require traffic
control. However, visual inspection is also subjective and is often not quantitative or thorough.

1.3.2

Chain Dragging and Hammer Sounding
Chain dragging and hammer sounding are state of the practice for discovering non-visible

defects [20]. These techniques involve acoustically exciting the concrete by dragging a chain
over the concrete or impacting the concrete with a hammer as shown in Figure 1-1.
When the concrete is excited it produces sound waves. When a delamination is present,
it produces a “hollow” sound. When an inspector detects a delamination it is marked on the

Figure 1-5: A photograph of chain dragging with pink paint marking delaminations.
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bridge deck and recorded manually. This technique is likely the most common inspection
technique after visual inspection. Chain dragging is slow so it requires stationary traffic control.
It is subjective. Chain dragging is one of the simplest techniques and is robust to many non-ideal
field conditions. Chain dragging is only sensitive to deck delamination.

1.3.3

Half-Cell Potential
Half-cell potential testing involves measuring the half-cell potential between the rebar

and the bridge deck surface as shown in Figure 1-6 [21]. When the rebar is actively corroding
beneath the half-cell probe the measured potential decreases. Half-cell potential testing is
sensitive to rebar corrosion. This technique is quite slow requiring stationary traffic control. It
also requires a direct electrical connection to the rebar.

Figure 1-6: A photograph of half-cell potential testing.
1.3.4

Resistivity Testing
Resistivity measurements involves measuring the resistance of the concrete horizontally

across the surface of the bridge deck as shown in Figure 1-7. Resistivity is correlated to how

7

easily ions flow through concrete near the surface [22]. Resistivity measurements are sometimes
correlated with cracking and corrosion. This technique requires stationary traffic control.

Figure 1-7: A photograph of resistivity testing.
1.3.5

Chloride Sampling
Chloride sampling is a destructive technique that involves pulverizing concrete into a

powder, and chemically assessing the powder for chloride ions as shown in Figure 1-8. Chloride
sampling is used to determine if chloride ions are concentrated enough to induce rebar corrosion.
This technique is very slow and requires stationary traffic control. It also requires patching the
hole made in the pulverizing process.

Figure 1-8: A photograph of chloride sampling.
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1.3.6

Crack Mapping
Crack mapping involves visually inspecting the bridge deck in great detail for vertical

cracks as shown in Figure 1-9.

Figure 1-9: A photograph of crack mapping.
This process is very time consuming requiring stationary traffic control. Recently some research
has been performed to develop automatic crack mapping tools that could significantly speed up
the crack mapping process.

1.3.7

Acoustic Sounding
Acoustic sounding is the rapid automated equivalent of chain dragging. Acoustic

sounding, shown in Figure 1-10, involves exciting the concrete in a rapid fashion and recording
the resulting acoustical signal that is than processed by a computer algorithm. This technique

Figure 1-10: A photograph of an acoustic sounding apparatus.
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can be performed at speeds up to 45 km/h and does not require stationary traffic control [23].
Like chain dragging acoustic sounding is sensitive to deck delamination.

1.3.8

Infrared Thermography
Infrared Thermography involves imaging a bridge deck with infrared cameras during a

time of day with high thermal gradients. Locations on the bridge deck with delamination will
heat or cool faster than the rest of the bridge and are often visible in the infrared images. This
technique can be performed without stationary traffic control, but is very sensitive to weather
and temperature.

Figure 1-11: An infrared photo of a bridge deck.
1.3.9

Ground Penetrating Radar
Ground penetrating radar (GPR) measures the wave reflection of electromagnetic waves

being propagated through a bridge deck as depicted in Figure 1-12 [24]. GPR is sensitive to
locations where there are large changes in dielectric values. GPR is able to detect the location of
rebar and sometimes delaminations. GPR can be performed at highway speeds and doesn’t
require stationary traffic control.
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Figure 1-12: A photograph of ground coupled GPR.
1.3.10 Vertical Electrical Impedance Measurements
VEI measurements are the main topic of this work and will be discussed in further detail
later on. With the research described in this work VEI can be performed without stationary
traffic control in many cases. VEI is sensitive to deck delaminations, vertical cracking, rebar
corrosion, and concrete deterioration. An image of VEI testing is shown in Figure 1-13.

Figure 1-13: A photograph of the VEI apparatus.
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1.4

Publications Resulting from this Research
Multiple publications have resulted from the research presented in this thesis. Some of

the publications reflect parallel research, in which ideas were cross-fertilized with topics that
were relevant for the execution of VEI, specifically.

1.4.1
•

Journal Papers
L. Hendricks, J. S. Baxter, Y. Chou, M. Thomas, E. Boekweg, W. S. Guthrie, and B. A.
Mazzeo. High-Speed Acoustic Impact-Echo Sounding of Concrete Bridge Decks.
Submitted to Journal of Nondestructive Evaluation Under Revision.

•

J. Barton, J. S. Baxter, W. S. Guthrie, and B. A. Mazzeo. Vertical electrical impedance
scanner for non-destructive concrete bridge deck assessment without a direct rebar
connection. Materials Evaluation 77 (10), 1258-1266 (2019).

•

J. D. Barton, J. S. Baxter, W. S. Guthrie, and B. A. Mazzeo. Large-area electrode design
for vertical electrical impedance scanning of concrete bridge decks. Review of Scientific
Instruments 90, 025101 (2019).

•

J. L. Larsen, J. McElderry, J. S. Baxter, W. S. Guthrie, and B. A. Mazzeo. Automated
sounding for concrete bridge deck inspection through a multi-channel, continuously
moving platform. Submitted to NDT&E International Under Revision.

•

W. S. Guthrie, J. L. Larsen, J. S. Baxter, and B. A. Mazzeo. Automated air-coupled
impact-echo testing of a concrete bridge deck from a continuously moving
platform. Journal of Nondestructive Evaluation 38, 32 (2019).

•

W. S. Guthrie, J. S. Baxter, B. A. Mazzeo. Vertical impedance testing of a concrete
bridge deck using a rolling probe. NDT&E International 95, 65-71 (2018).
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1.4.2
•

Conference Proceedings
J. S. Baxter, W. S. Guthrie, T. Waters, J. D. Barton, and B. A. Mazzeo. Vertical
electrical impedance evaluation of asphalt overlays on concrete bridge decks. 44th
Annual Review of Progress in Quantitative Nondestructive Evaluation, AIP Conference
Proceedings 1949, 030011 (2018).

•

B. A. Mazzeo, J. S. Baxter, J. D. Barton, and W. S. Guthrie. Vertical Impedance
Measurements of Concrete Bridge Deck Cover Condition without a Direct Electrical
Connection to the Reinforcing Steel. 43rd Annual Review of Progress in Quantitative
Nondestructive Evaluation, AIP Conference Proceedings 1806, 080004 (2017).

1.4.3
•

Presentations
B. A. Mazzeo, J. S. Baxter, L. Hendricks, W. S. Guthrie. "Project 202: Vertical
Electrical Impedance Scanner for Concrete Bridge Deck Assessment without Direct
Rebar Attachment" (Poster), Transportation Research Board Annual Meeting,
Washington, DC, 2019. Invited.

•

J. S. Baxter, B. A. Mazzeo, J. D. Barton, and W. S. Guthrie. “Vertical Electrical
Impedance Evaluation of Asphalt Overlays on Concrete Bridge Decks,” UDOT
Conference, Sandy, UT, Nov. 2018.

•

J. S. Baxter, W. S. Guthrie, J. D. Barton, and B. A. Mazzeo, "Vertical Electrical
Impedance Evaluation of Asphalt Overlays on Concrete Bridge Decks," Review of
Progress in Quantitative Nondestructive Evaluation, Provo, UT, 2017.

•

B. A. Mazzeo, J. S. Baxter, J. D. Barton, and W. S. Guthrie, "Vertical Impedance
Measurements of Concrete Bridge Deck Cover Condition without a Direct Electrical
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Connection to the Reinforcing Steel," Review of Progress in Quantitative Nondestructive
Evaluation, Atlanta, GA. 20 July 2016.

1.4.4
•

Issued Patents
B. A. Mazzeo, W. S. Guthrie, W. Kemmerer, J. S. Baxter, C. Roedel, Data acquisition
system with rotating probe members and ground reference electrode. U.S. Patent
#9,909,974; 6 March 2018.

•

B. A. Mazzeo, W. S. Guthrie, J. S. Baxter, J. D. Barton, Flexible elements for probes and
guard rings. U.S. Patent # 10,082,492; 25 September 2018.

1.4.5

Future Journal Papers
An additional three journal papers are expected to be published shortly. The names of

these papers are:
•

Instrumentation for Multi-Channel Vertical Electrical Impedance Scanning of Concrete
Bridge Decks

•

Vertical Electrical Impedance Evaluation of Asphalt Overlays on Concrete Bridge Decks

•

On the Relationship between Vertical Electrical Impedance and Rapid Chloride
Permeability of Concrete

1.5

Summary of this Research
This research discusses the use of VEI to assess bridge deck condition. The subsequent

chapters are sections from three papers that have been prepared, detailing various aspects of the
creation of the apparatus and its sensitivity and deployment in the field. Chapter 2 details the
14

background of impedance measurements and the VEI apparatus. The VEI apparatus is a
multichannel impedance analyzer that connects to six probes. The probes are attached to a
moving platform that is towed behind a vehicle. Chapter 3 explores the relationship between VEI
measurements and rapid chloride permeability testing (RCPT) measurements. RCPT is one of
the most widely used techniques to determine the chloride permeability of concrete. The models
developed in this chapter allow VEI measurements to act as a pseudo RCPT measurement in a
laboratory setting. Chapter 3 demonstrates that VEI can assess asphalt overlaid bridge decks.
This make VEI unique among bridge assessment tools. Chapter 5 concludes this work with a
summary of the major contributions of this research and ideas for future research ideas.
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CHAPTER 2.

INSTUMENTATION OF VERTICAL ELECTRICAL IMPEDANCE
APPARATUS

Electrical impedance is the alternating current (AC) equivalent of electrical resistance
and, for a homogeneous cylindrical material, can be written as
𝐿𝐿

𝑍𝑍 = 𝐴𝐴𝐴𝐴 ,

(2-1)

where 𝑍𝑍 is the complex-valued electrical impedance, 𝐿𝐿 is the length of the cylinder, 𝐴𝐴 is the

cross-sectional area, and σ is the complex-valued electrical conductivity of the material. The
electrical conductivity of a material, σ, is proportional to the number of charge-carrying particles
and their mobility within the material [25]. As Equation (2-1) indicates, the measured impedance
of a material is also influenced by the geometry of the material. Thus, while electrical
conductivity may be intrinsic to a particular volume of concrete, for example, the measurement
of impedance to infer electrical conductivity depends on the arrangement of the measurement
probes in relation to the volume of material.
VEI measurements are acquired in the vertical direction, from the surface of the bridge
deck to the top mat of rebar, as shown in Figure 2-1. Because VEI is directly affected by the
mobility of ions within the concrete matrix and through any deck surface treatments or rebar
coatings, VEI is a useful measurement of the protection provided to embedded rebar against
chloride ingress from the surface of the bridge deck. Because chloride ingress and subsequent
corrosion of rebar is a primary deterioration mechanism in concrete bridge decks [7, 8],
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Figure 2-1: Cross section of a bridge deck and guarded VEI measurement to quantify the cover
protection provided to the rebar, with blue and red lines representing the currents that flow
through the center electrode and the guard ring, respectively.
quantifying the protection against chloride ingress, or other aggressive agents, is a key aspect of
determining current bridge deck condition and estimating future deterioration rates.
The electrical impedance of an interrogated material system is most often measured using
the complex version of Ohm’s law:
𝒁𝒁(𝜔𝜔) =

𝑽𝑽(𝝎𝝎)
𝑰𝑰(𝝎𝝎)

,

(2-2)

where 𝒁𝒁(𝜔𝜔) is the complex-valued impedance, 𝑽𝑽(𝜔𝜔) is the complex-valued voltage potential
difference across the system, and 𝑰𝑰(𝜔𝜔) is the resulting complex-valued current. These three

variables are functions of the measurement frequency, 𝜔𝜔, and are often reported as a magnitude

and phase. Previous research has shown that the magnitude of 𝒁𝒁(𝜔𝜔) at frequencies between 100
Hz and 1 kHz correlates well with important bridge deck performance parameters [9, 26, 27].
The geometry, placement, and electrical connection of probes needed to perform VEI
measurements are important [11, 15, 28]. To couple the probes electrically to the bridge deck, a
coupling fluid, usually water, is placed on the surface. The high-side port of an impedance
analyzer, which provides the voltage source and facilitates the current measurement, is connected
to a probe on the surface of the bridge deck. The low-side port, which is the effective electrical
ground, is connected to the underlying rebar. The deck area interrogated by the VEI probe is
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controlled by placing a guard ring around the probe, or center electrode, to electrically isolate it
[29]. By measuring the current through only the center electrode, the impedance measurement is
effectively constrained to the material directly under the probe, as depicted in Figure 2-1 [11,
30].
A guard ring applies the same voltage to the surface in contact with the guard ring as the
surface in contact with the center electrode, reducing horizontal current flowing from the center
probe [11] and thereby improving the accuracy of the impedance measurement by consistently
constraining the measurement area [30, 31]. The electrical currents from both the guard ring and
the center electrode combine additively at the low-side port as shown in Figure 2-1.
Measurement of the combined currents through the low-side port would result in non-spatiallyconfined and non-isolated impedance measurements, while measurement of the current flowing
through only the center probe results in a spatially-confined and isolated impedance
measurement.
For the VEI scanner, a commercially available impedance analyzer was desired.
However, most commercially available impedance analyzers measure the current at the low-side
port through a transimpedance measurement configuration. To support a guard ring and a high
measurement rate, a custom impedance analyzer was necessarily designed for these
measurements. Section 2.1 outlines the design, construction, and deployment an impedance
analyzer that met these requirements.

2.1

Impedance Analyzer
The impedance analyzer used in this work was a mixture of analog and digital

subsystems. The analog subsystem consisted of circuitry to generate a high-quality sinusoid
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signal and to measure the resulting 𝑽𝑽(𝜔𝜔) and 𝑰𝑰(𝜔𝜔) signals expressed in (2-2) The digital

subsystem consisted of signal processing to remove noise from the 𝑽𝑽(𝜔𝜔) and 𝑰𝑰(𝜔𝜔) signals and to

compute 𝒁𝒁(𝜔𝜔). The analyzer platform was a FRDM K64F (NXP) development board with a 120
MHz microcontroller with direct memory access (DMA) and an integrated 12-bit digital-toanalog converter (DAC) and two 16-bit analog-to-digital converters (ADC).

2.1.1

Analog and Digital Subsystems

Analog Design
The analog subsystem is shown in Figure 2-2. The voltage signal output of the DAC is a
3.3 Vpeak-to-peak sinusoid at the desired measurement frequency, typically 100 to 1,000 Hz. This
sinusoid signal is precomputed on the microcontroller, and the voltage output is updated at 100
kHz using DMA. The stair-step output is smoothed by a second-order Sallen-Key reconstruction
filter with a corner frequency of 3.1 kHz. The signal passes through a second-order Sallen-Key
high-pass filter with a corner frequency of 19.4 Hz to remove the DC offset resulting from the
DAC.
After passing through the analog filters, the signal passes through a 51 kΩ current sense
resistor. A resistance of 51 kΩ was chosen because it balances the signal-to-noise ratio (SNR)
for both the voltage and current signals over a large range of expected concrete impedance
values, which are typically 1 kΩ to 1 MΩ. When the resistance is 1 kΩ, the |𝑽𝑽(𝜔𝜔)| signal is

approximately 0.064 Vpeak-to-peak, and |𝑰𝑰(𝜔𝜔)| is approximately 3.24 Vpeak-to-peak. When the
resistance is 1 MΩ, the |𝑽𝑽(𝜔𝜔)| signal is approximately 3.14 Vpeak-to-peak, and |𝑰𝑰(𝜔𝜔)| is

approximately 0.16 Vpeak-to-peakk. The current flow through the current sense resistor is converted
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to a voltage signal using an instrumentation amplifier (INA121P, Texas Instruments) with a gain
of 1. A 1.65 V DC bias is added to the instrumentation amplifier in order to center the signal
between the 0 and 3.3 V rails of the ADC.
After the signal passes through the 51 kΩ current-sense resistor, another instrumentation
amplifier (INA121P, Texas Instruments) is used to measure the voltage difference between the
impedance probe and the low-side port, again applying a 1.65 V offset to the output before
sampling with a separate ADC. An additional amplifier in a voltage follower configuration
passes the signal from the probe node to the guard ring.

Figure 2-2: Analog circuitry of the high-side impedance analyzer with guard ring capability
showing the analog filters and measurement circuitry.
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Digital Design
In the digital subsystem, the voltage and current signals are synchronously sampled at
100 kHz. Sampling is triggered by a programmable delay block (PDB), and values are stored in
a double buffer using DMA. While one buffer is filled with samples, the other buffer is
processed by the filtering scheme shown in Figure 2-3. Each box represents a decimating lowpass filter, with the decimation factor labeled in the middle of the box. Information about the
passband, stopband, and attenuation of each filter is also given in Figure 2-3.
The low-pass filters are necessary to reduce the effects of noise, aliasing, and other
channel interference. The sine and cosine in the filtering schematic demodulate the signal at the
center frequency [32]. Magnitude and phase are then estimated using in-phase and quadrature
components of the signal that have been further processed. This overall signal processing scheme
is applied to both the voltage and current signals so that the complex impedance can be
calculated using equation (2-2). An impedance measurement with an effective bandwidth of 40
Hz is recorded 98 times per second. This data collection rate is more than an order-of-magnitude
improvement over that of previous VEI scanning devices, which employed a resistor-switching
configuration and only generated measurements approximately four times per second [13].

Figure 2-3: Digital signal processing scheme for the impedance analyzer.
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2.2

Laboratory Evaluation
The analog and digital subsystems resulted in the impedance analyzer shown in Figure

2-4. Parts for the impedance analyzer cost less than $100, and the impedance analyzer consumes
only 0.96 W of power (5 V at about 240 mA of current draw). The impedance analyzer weighs
72 g and is very small at 9 cm by 6 cm by 4 cm.
A decade resistor (1434-G, General Radio), with a range from 0.1 Ω to 1 MΩ, was used
to evaluate the accuracy of the newly developed impedance analyzer. Figure 2-5 shows the
measured voltage and current signals for resistances of 1 kΩ and 1 MΩ at a measurement
frequency of approximately 190 Hz. The recorded signals were within the desired peak-to-peak
voltages for proper ADC measurements, and the signal-to-noise ratio was acceptable for further
processing of the signals.
An additional three sets of measurements were also obtained. First, resistor values
between 0 and 10 kΩ were measured in step sizes of 100 Ω. Second, resistor values ranging from
0 to 100 kΩ were measured in step sizes of 1 kΩ. Third, resistor values ranging from 0 to 1 MΩ
were recorded in step sizes of 10 kΩ. Each resistor value was measured for approximately one

Figure 2-4: Impedance analyzer with power and data transfer connections through the USB cable
and center electrode and guard ring connections through the coaxial cable.
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(a)

(b)

(c)
(d)
Figure 2-5: (a) Voltage and current signals at a generated frequency of approximately 190 Hz
recorded by the impedance analyzer with a 1 kΩ load. (b) Estimated power spectral density of
the voltage and current signals of part (a) using Welch’s method. (c) Voltage and current signals
at a generated frequency of approximately 190 Hz recorded by the impedance analyzer with a 1
MΩ load. (d) Estimated power spectral density of the voltage and current signals of part (c)
using Welch’s method.
second by the impedance analyzer. The mean and standard deviation of the impedance
magnitude for that second were recorded. The scanning frequency for this test was 568 Hz,
which was selected because it was approximately in the middle of the scanning frequency range
of interest.
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The results of this experiment are shown in Figure 2-6. Figure 2-6(a) shows the measured
resistance compared to the actual resistance, with an ideal measurement being represented by the
line of equality displayed in the plot area. Figure 6(b) shows the percent error of the measured
resistance as compared to the actual resistance. The first seven points equally spaced between
100 Ω and 700 Ω have errors as high as 60% but are not shown since they are outside the

(b)

(a)

(c)
(d)
Figure 2-6: (a) Measured magnitude versus actual magnitude. (b) Percent error of measured
magnitude versus actual magnitude. (c) Estimated standard deviation of each measurement point.
(d) Standard deviation shown as a percentage of the actual impedance value.
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designated measurement range. Figure 2-6(c) shows the estimated standard deviation of the
measurement noise using approximately 100 samples collected for each data point. Figure
2-6(d) shows the standard deviation as a percentage of the actual resistance value.
Figure 2-6(a) and Figure 2-6(b) demonstrate that the impedance analyzer accurately
estimated actual impedance in the range of 1 kΩ to 1 MΩ. The accuracy was consistently within
10 percentage points in the impedance range of interest and was usually accurate to within five
percentage points. Below the low impedance measurement limit of 1 kΩ, the impedance
measurements develop a distinct bias due to a non-zero voltage bias in the voltage signal
assumed to be caused by noise and possible leakage currents. This bias is insignificant when the
voltage signal is large but becomes significant at smaller resistances when the signal is small.
Although outside the range of the decade resistor and above the high impedance measurement
limit, a similar effect, not shown in this data, happens to the current measurement when
impedances larger than 5 MΩ are measured. Despite bias when measuring relatively low and
high impedance values, the impedance analyzer has low variance. As shown in Figure 2-6(d),
the standard deviation of the error is often less than 1% of the actual value.
These evaluations demonstrate that the new impedance analyzer meets the desired
specifications and is capable of measuring the impedance of a bridge deck to within 10% of the
actual impedance within the designed measurement range and at high sample rates. The new
design also can drive guard rings and be arranged in a multi-channel configuration. The new
impedance analyzer has a configurable excitation frequencies and can be easily communicated
with through USB.
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2.3

Multi-Channel VEI Bridge Deck Scanner

2.3.1

Scanner Design
A multi-channel VEI scanner was constructed using one impedance analyzer per channel.

This scanner, shown in Figure 2-7, consisted of a data collection unit, multi-channel impedance
analyzer, water delivery system, localization unit, moving platform, LAEs, and probes.

Figure 2-7: (a) Photo of VEI scanner mounted to a truck. (b) Schematic of moving platform
portion of the VEI scanner.
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Figure 2-8: Data collection unit.

Figure 2-9: Multi-channel impedance analyzer box.
A pickup truck was used to tow the apparatus, as shown in Figure 2-7(a). The data
collection unit, pictured in Figure 2-8, was housed in the cab of the truck. The data collection
unit was comprised of five, time-synchronized, single-board computers that recorded multiple
data types; the parallel nature allowed for recording multiple data streams with large bandwidth.
A waterproof box in the truck bed housed six impedance analyzers as shown in Figure
2-9. Each impedance analyzer shared a common low-side port connection and was connected to
a single USB hub. The hub was connected to the data collection unit via a 5-m USB 3.0
extension cable. Six 7.6-m BNC cables connected the center electrode and guard ring on the
probes to the high-side and guard ring ports on the impedance analyzers. The low-side ports were
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connected with wires to the aluminum frame of the moving platform, which was electrically
connected to the LAEs.
A 1000-L water reservoir located in the truck bed was the source of water for the water
delivery system. The water reservoir was connected to three pumps, each capable of supplying
20 L per minute, that were powered by a 12-V battery. The pumps supplied water to a sprinkler
bar through three standard garden hoses, as depicted in Figure 2-10. Multiple sprinklers were
mounted to the bar to ensure sufficient application of water to the deck surface during scanning
[10].

Figure 2-10: Water delivery system with the sprinkler bar separated into three pieces.

Figure 2-11: Localization box containing synchronization electronics, two LIDAR units, a
downward-facing camera, and a laser ruler.
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A hitch extension with a localization box was attached between the truck hitch and the
moving platform. The box contained two sideways-pointing LIDAR units and a downwardfacing camera, as shown in Figure 2-11. A differential GPS unit was also used for localization.
The GPS receiver was located in the truck cab, and the GPS antenna was placed on top of the
cab. This instrumentation enabled independent tracking of the spatial position of the VEI scanner
in both the longitudinal and transverse direction on a bridge deck to within 1 m of its actual
location [33].
The hitch extension was connected to the aluminum frame of the moving platform using
a solid steel hitch bar and a double-hinged bracket. A steel post extended 1.2 m upwards from
the hitch bar, and an 1130-kg winch (Badland) was attached to the top of the post. The winch
was used to lift the platform off the ground for easy relocation during scanning or to fully stow
the platform for travel between bridges, as shown in Figure 2-12.
LAEs and probes were attached to the moving platform as shown in Figure 2-7. The front
LAE was positioned in the open frame area in front of the line of probes, and the back LAE was

(b)
(a)
Figure 2-12: (a) Moving platform being lifted off the ground by the winch. (b) Moving platform
in a stowed configuration.
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positioned directly behind the line of probes. These LAEs created a continuous low-impedance
connection to the rebar, even when the scanner was traversing joints between electrically
discontinuous spans in a bridge deck [11, 15]. The six probes between the LAEs were attached
using flexible connections to the aluminum frame. Two of the probes were attached to optional
wings that extended the 2.4-m scanning width to 3.7 m. Each probe used a different
measurement frequency to mitigate probe crosstalk. The frequencies used were 190, 272, 347,
431, 500, and 568 Hz. The LAEs, probes, and extension bars were removed when traveling
between scanning sites as shown in Figure 2-12(b).
The probes and LAEs were designed to be mechanically robust and also flexible to
ensure consistent contact with the bridge deck during scanning. Guarded probes were made of
flexible brushes. As shown in Figure 2-13, the center electrode and guard ring of a probe
consisted of numerous 26-cm strands of 0.8-mm-diameter 302/304 stainless steel cables folded
in half and threaded through two separate holes of perforated metal. Four of these metal brush
strips were arranged into a diamond shape to form the guard ring brush and attached to a 0.6-m
by 0.5-m by 0.02-m plastic frame. The center electrode consisted of a separate metal brush strip
attached to the center of the plastic frame. This flexible brush design allowed the probe to
conform to the contours of the bridge deck surface and maintain a relatively consistent surface
area of contact while exhibiting excellent durability even on very abrasive deck surfaces. The
diamond shape for the guard ring was preferred over a rectangular shape as it resulted in more
uniform bending of the individual metal bristles.
The LAEs were designed to slide easily over the bridge surface. The LAEs were sets of
7-mm-diameter galvanized steel cables connected in parallel to 2-m aluminum bars. The bars
electrically connected the cables to the frame. The weight and flexibility of the cables allowed
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Figure 2-13: Guarded probe with center electrode made of stainless steel bristles.

the LAEs to conform to uneven surfaces. These cables were oriented in the direction of travel to
minimize snagging and collection of debris, which were both significant problems with previous
designs. The cables did not exhibit significant wear after multiple passes across the abrasive
bridge surface.

2.3.2

Field Evaluation
For a field evaluation, the VEI scanner was used to scan a concrete bridge deck in

northern Utah. This bridge deck, pictured in Figure 2-14(a), was built in 1995. It is a two-span
cast-in-place concrete deck with a bare concrete surface and is supported by continuous steel
girders. The bridge deck is 78 m long and 13.6 m wide (out to out) and carries two lanes of
traffic on an urban local road with an estimated average daily traffic (ADT) of 5,000. The bridge
deck is typically subjected to numerous deicing salt applications as part of winter maintenance
each year.
The field evaluation consisted of five bridge deck scans using the VEI scanner, where a
scan included both lanes of the bridge deck. Each pass was performed at low speeds,
approximately 5 to 7 km/h, with the scan of each lane requiring approximately 150 seconds to
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complete. The data were recorded using the data collection unit and were processed afterwards
by reconstructing the scanning paths and associating impedance measurements with their
respective locations.
This bridge deck was of particular interest for the field evaluation because delamination
and cracking surveys had already been performed on this deck approximately 8 months prior to
the VEI scanning. The high-resolution delamination map was generated through a detailed
chain-drag survey that required about 60 man hours, not including personnel who were
responsible for traffic control. Crack mapping was completed more rapidly, with only those
cracks that were clearly visible from a standing position, or about 1.5 m from the deck surface,
being recorded. Crack mapping required about 2 man hours to complete. Both the delamination
map and crack map were digitized after the surveys were completed.
The maps produced in this study are shown in Figure 2-14. Figure 2-14(g) shows the
delaminations and cracks together on the same plot, while Figure 2-14(b) to Figure 2-14(f) are
the VEI maps from the five bridge deck scans. In the VEI maps, impedance is displayed on a
logarithmic scale, with linear interpolation having been used to compute values for areas
between measurement points. (Linear interpolation was also used to replace invalid data
collected by one probe that was determined after the scanning to have a faulty connection.)
A visual comparison of the VEI maps with each other indicates a high level of
consistency among the five passes. Pass 1 appears to have slightly higher VEI values then the
subsequent passes, but this was expected as the water applied to the deck was still soaking into
the concrete; for this reason, pre-wetting the deck or applying multiple passes is recommended to
obtain stable readings. Passes 2 to 5 have very similar results, with most discrepancies
attributable to minor spatial offsets and interpolation.
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(a)

(b)

(c)

(d)
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(e)

(f)

(g)
Figure 2-14: (a) Photograph of VEI bridge scanning. (b)–(f) VEI results for all five scanning
passes. (g) Results of chain-drag survey (green) and crack mapping (magenta).

A visual comparison of the VEI maps with the delamination and crack maps, as
illustrated in Figure 2-15 for a portion of the deck, also indicates strong correlations.
Specifically, almost all of the detected delaminations occur in areas with very low VEI values,
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and the very low VEI values beyond the edges of many delaminations suggest the locations of
future delamination growth. Similarly, nearly every crack that was recorded in the cracking
survey occurs in an area with low VEI values. Additional linear features also characterized by
low VEI values, but not corresponding to a recorded crack, may indicate cracks that formed
between the cracking survey and the VEI scans, or they may indicate future crack locations.
Because VEI values can be used to quantify the spatial extent and severity of compromised
concrete, VEI maps may be more useful than delamination or cracking maps for delineating
areas of a concrete bridge deck that warrant repair.
The degree of association between VEI and bridge deck distress, as determined by
delamination or cracking, was also calculated for each VEI scanning pass. Figure 2-16 shows
estimated probability density functions (PDFs) of impedance values for different locations on the
bridge deck. Figure 2-16(a) shows the estimated PDF of impedance values for the entire bridge
deck. Figure 2-16(b) shows the estimated PDF of impedance values corresponding to nondelaminated, non-cracked sections of concrete; this PDF was calculated by using impedance

Figure 2-15: Comparison of VEI maps with delamination and crack maps for a portion of the
bridge deck.
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measurements that were not within 0.3 m of a delaminated area or a crack. Figure 2-16(c) shows
the estimated PDF of impedance values corresponding to cracked sections of concrete; this PDF
was obtained by using impedance measurements that were within 0.3 m of a crack. Finally,
Figure 2-16(d) shows the estimated PDF of impedance values corresponding to delaminated
sections of concrete; this PDF was obtained by using impedance measurements only within
delaminated areas.
The delamination PDF in Figure 2-16(d) indicates that most delaminated concrete has a
VEI value of less than 10 kΩ. A closer inspection of the VEI measurements used to estimate the
PDF show that the high impedance samples for the delaminated sections were clustered around
the edges of the low impedance areas due to localization offsets. Figure 2-15 demonstrates this
localization offset. The top half of the map shows delaminations and low impedance spots
correlating well. The bottom half of the map, which was localized independently of the top half,
shows that delaminations are not centered as well as the top half causing mislabeled impedance
samples to be included in the PDF estimate. Despite some expected mislabeling from small
errors in the scanning path reconstruction, manual measurement of the delaminations, or manual
recording, it is clear that the overall data sets show high spatial correlation.
The crack PDF estimate in Figure 2-16(c) is not as informative as the delamination PDF
since most cracks were thin, such that many of the samples used to estimate the PDF correspond
to good concrete near a crack, not the crack itself. However, the crack PDF is centered more to
the low impedances than the PDF of the entire bridge which implies cracks decrease the
impedance of concrete.
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(a)

(b)

(c)

(d)

Figure 2-16: (a) Estimated PDF of impedance values corresponding to all measured sections of
concrete on the bridge. (b) Estimated PDF of impedance values corresponding to nondelaminated, non-cracked sections of concrete. (c) Estimated PDF of impedance values
corresponding to cracked sections of concrete. (d) Estimated PDF of impedance values
corresponding to delaminated sections of concrete.
The VEI apparatus was over 500 times faster than chaining. This rate of scanning is
comparable to visual inspection. VEI produces far more qualitative and quantitative indicators of
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non-visible defects. The speed of scanning of the impedance trailer is also the approximate
speed of a street sweeper, nominally 7 km/h [34]. Impedance testing could likely be performed
on non-highway bridges with similar safety precautions and minimal traffic control.
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CHAPTER 3.

ON THE RELATIONSHIP BETWEEN VERTICAL ELECTRICAL
IMPEDANCE AND RAPID CHLORIDE PERMEABILITY OF
CONCRETE

The VEI apparatus developed in Chapter 2 is a very practical field assessment tool. To
further understand the interpretation of VEI measurements this chapter focuses on laboratory
experiments that relate VEI measurements to the physical attribute of ion diffusivity in concrete.
3.1

Background
Estimating the diffusivity of ions through concrete cover to steel reinforcement, or rebar,

is important in bridge deck preservation and rehabilitation because rebar corrosion is one of the
most significant deterioration mechanisms. Rebar corrosion leads to delamination, spalling, and
potholes, in addition to rebar cross-sectional loss. Salt penetration and rebar corrosion is
particularly severe in coastal regions and cold regions where de-icing salts are regularly applied
to bridges.
Methods to estimate the diffusivity of ions through concrete include salt ponding, bulk
diffusion, rapid chloride permeability testing (RCPT), electrical migration, rapid migration,
resistivity, pressure penetration, and Sorptivity testing [35-39]. RCPT, one of the most common
measurement techniques and documented in the ASTM C1202 standard, is used in this work
[38]. For RCPT the measurement Q is the amount of charge, in Coulombs, that is transferred
through a concrete test specimen in six hours.
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Because electrical impedance measures the difficulty with which charges move through a
system VEI effectively measures the degree of protection afforded to rebar against ion ingress
from the surface of the bridge. For impedance testing, 𝒁𝒁(𝑓𝑓) is the complex-valued impedance, in

Ohms, measured at an excitation frequency 𝑓𝑓. |𝒁𝒁(𝑓𝑓)| represents the magnitude of impedance and

real(𝒁𝒁(𝑓𝑓)) represents the real portion of impedance. Theoretically, VEI measurements should be
inversely proportional to RCPT measurements [40].
Non-linear weighted total least squares can be used to regress parameters of different
𝐴𝐴

𝐴𝐴

models likely to relate VEI and RCPT. Three models are explored: |𝒁𝒁| = 𝑄𝑄, |𝒁𝒁| = 𝑄𝑄𝑏𝑏, and
𝐴𝐴

real(𝐙𝐙) = 𝑄𝑄𝑏𝑏 where A and b are the regressed parameters. These models will be called the

“inversely proportional”, “magnitude”, and “real” models, respectively. In these models A and b
are the regressed parameters while Z and Q represent VEI and RCPT, respectively. To simplify
the appearance of these equations, the excitation frequency is removed and the frequency is
identified in the text.
Weighted total least squares is the maximum likelihood estimate of the parameter set in a

statistical model where the measurements are normally distributed for both the independent and
dependent variables and the variance of different measurements are not equal [41]. The solution
to the weighted total least squares problem is the parameter set that minimizes the sum of the
Euclidean distance squared of each data point to the nearest point of the model where the
distances for both variables are normalized by the standard deviation of that variable.
Mathematically this can be written as:
� = argmin�𝑆𝑆(𝜽𝜽)�
𝛉𝛉

(3-1)

𝜽𝜽

𝑆𝑆(𝜽𝜽) = ∑𝑖𝑖 𝑝𝑝𝑖𝑖 (𝜽𝜽)

(3-2)
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(3-4)

� is the maximum likelihood
where 𝜽𝜽 is a vector representing the parameters of the model (A,b), 𝜽𝜽

estimate of the parameters given the data, 𝑆𝑆(𝜽𝜽) is the total sum square of the errors, 𝑝𝑝𝑖𝑖 is the sum
square of the scaled errors for both the independent and dependent variable of the ith sample, 𝑍𝑍𝑖𝑖
and 𝑄𝑄𝑖𝑖 are the measured impedance and RCPT values respectively of the ith sample, 𝑍𝑍̂𝑖𝑖 and 𝑄𝑄�𝑖𝑖

are the impedance value and RCPT value respectively of the nearest point on the model to

(𝑄𝑄𝑖𝑖 , 𝑍𝑍𝑖𝑖 ) given the current parameters using the Mahalonobis distance as the metric for nearness,
and 𝜎𝜎𝑍𝑍𝑖𝑖 and 𝜎𝜎𝑄𝑄 𝑖𝑖 are the standard deviation of the impedance measurement and RCPT

measurement noise respectively of the ith sample. The standard deviation of the measurement
noise of a given measurement is equal to the coefficient of variation (𝐶𝐶𝑣𝑣 ) multiplied by the
measurement itself or,

𝜎𝜎𝑄𝑄𝑖𝑖 = 𝐶𝐶𝑣𝑣,𝑄𝑄 𝑄𝑄𝑖𝑖 and 𝜎𝜎𝑧𝑧𝑖𝑖 = 𝐶𝐶𝑣𝑣,𝑧𝑧 𝑍𝑍𝑖𝑖 [42].

(3-5)

Coefficients of variations are given in ASTM standards. For tests that do not have a predetermined coefficient of variation it can be estimated using replicate testing. During replicate
testing a sample is tested multiple times. After the repeated tests the sample mean, 𝜇𝜇𝑥𝑥 , and
sample variance, 𝜎𝜎𝑥𝑥2 , are calculated for 𝑛𝑛 number of measurements denoted by 𝑥𝑥𝑖𝑖 :
1

and

𝜇𝜇𝑥𝑥 = 𝑛𝑛 ∑𝑖𝑖 𝑥𝑥𝑖𝑖

1

𝜎𝜎𝑥𝑥2 = 𝑛𝑛−1 ∑𝑖𝑖(𝑥𝑥𝑖𝑖 − 𝜇𝜇𝑥𝑥 )2.

(3-6)

(3-7)

The coefficient of variation can then be estimated by
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𝐶𝐶𝑉𝑉,𝑥𝑥 =

�𝜎𝜎𝑥𝑥2
𝜇𝜇𝑥𝑥

.

(3-8)

The estimate of the coefficient of variation can be improved by averaging the estimates across
multiple samples.
For linear models there is an analytical solution to the weighted least squares problem.
When the model is non-linear, optimization techniques must be used to solve the least squares
�.
problem. Python’s Scipy optimization package was used for all the minimization to calculate 𝜽𝜽
Metrics are used to assess the quality of the model fit to the data used in regression.

Three metrics are reported. The first metric is the coefficient of determination, or 𝑅𝑅 2 value,

which quantifies the percent of the total variation of the data that is described by the model [43].
Mathematically the coefficient of determination is written as:
𝑅𝑅 2 =

2
�)
𝜎𝜎𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
−𝑆𝑆(𝜽𝜽

(3-9)

2
𝜎𝜎𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑

𝑍𝑍𝑖𝑖 −𝜇𝜇𝑍𝑍

2
𝜎𝜎𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
= ∑𝑖𝑖 �

𝜎𝜎Zi

2

𝑄𝑄𝑖𝑖 −𝜇𝜇𝑄𝑄

� +�

𝜎𝜎Qi

2

(3-10)

�

𝜇𝜇𝑍𝑍 = 𝑛𝑛 ∑𝑖𝑖 𝑍𝑍𝑖𝑖

1

(3-11)

𝜇𝜇𝑄𝑄 = 𝑛𝑛 ∑𝑖𝑖 𝑄𝑄𝑖𝑖 .

1

(3-12)

�𝑚𝑚 ). The
The second metric used in this research is the mean Mahalanobis distance (𝐷𝐷

Mahalanobis distance is the multidimensional equivalent of a z-score or the number of standard
deviations a point is from the actual value [44]. The mean Mahalanobis distance quantifies on
average how far a data point is from the best fit line and can mathematically be written as
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�𝑀𝑀 = 1 ∑𝑖𝑖 �𝑝𝑝𝑖𝑖 .
𝐷𝐷
𝑛𝑛

(3-13)

The third metric is the condition number, 𝜅𝜅, which quantifies how sensitive the dependent

variable estimate of a model is to small perturbations of the independent variable. Specifically,
the condition number reported in this work is the condition number related with the inverse

model using VEI as the independent variable and RCPT as the dependent variable. The inverse
model is used to quantify how accurate VEI would be as a pseudo-RCPT measurement.
Generically 𝜅𝜅 can be written as
𝑥𝑥𝑓𝑓 ′ (𝑥𝑥)

𝜅𝜅(𝑥𝑥) = �

𝑓𝑓(𝑥𝑥)

(3-14)

�,

where x is any independent variable, and 𝑓𝑓(𝑥𝑥) is any single input single output model: equation
(3-14) simplifies to
1

(3-15)

𝜅𝜅 = 𝑏𝑏

for the inverse of the models used in this research, where b is the regressed model parameter.
This is only true under the assumption that the phase of impedance has insignificant influence on
RCPT for the magnitude model, and that the imaginary part of impedance has an insignificant
influence on RCPT for the real model. This work uses the condition number to approximate the
relationship between the coefficient of variation of RCPT to the coefficient of variation of VEI
or
𝐶𝐶̂𝑣𝑣,𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 ≈ 𝜅𝜅𝐶𝐶𝑣𝑣,𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 .

(3-16)

This research also calculates the 95% confidence region for the regressed parameters. A
non-normalized PDF of the parameters is given by 𝑒𝑒 −
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𝑆𝑆(𝜽𝜽)
2

[45]. Normalizing this pdf with the

numerically approximated integral of this function results in a pdf with a total volume of 1.
Finding the probability density level that results in the integral of the region(s) with probability
density higher than that probability density level integrating to 0.95 results in the 95%
confidence region of the parameters of interest. Plotting this yields a visualization of the
uncertainty associated with the regressed model parameters.
3.2

Methods
During laboratory experiments 30 concrete specimens were tested. These specimens

came from multiple different concrete pours and laboratory samples. Each specimen was vacuum
saturated in general accordance with the conditioning procedure described in ASTM C1202
Section 9 [38]. It is noted that vacuum saturation yields higher penetration of water into the
concrete than would generally occur in field soaking experiments.
Immediately after vacuum saturated conditioning, the VEI of each specimen was
measured using an Agilent 4294A impedance analyzer. A schematic and photograph of the
electrical impedance test configuration is shown in Figure 3-1. During testing the low-side port
of the impedance analyzer was connected to a conductive cloth at the bottom of a 25 mm
diameter testing dish. 40 ml of water was added to the bottom of the dish forming a thin water
layer to allow for better coupling between the testing specimen and the conductive cloth.
The specimen was removed from the water reservoir where it had been conditioned and
dried to a saturated surface dry condition before being placed inside the testing dish. A ring of
plumber’s putty (Oatey #31166) was placed circumferentially around the top surface of the test
specimen. Ten ml of water was added inside the ring of plumber’s putty, and a brush probe,
composed of electrically connected steel cables, was placed on top of the test specimen. A 1 kg
weight was placed on top of the probe.
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Figure 3-1: Schematic (left) and photo (right) of vertical electrical impedance testing.

Figure 3-2: RCPT testing.
An impedance sweep with 201 logarithmically spaced samples from 10 MHz to 100 Hz
was then performed eight times and averaged. Immediately after impedance testing RCPT
testing was performed in general accordance with the ASTM C1202 standard using Proove it
testing cells as shown in Figure 3-2.
In addition to the above testing, six of the specimens were measured five additional times
with the impedance analyzer. These replicate tests were performed in the exact same manner as
earlier tests, including the conditioning step.
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3.3

Results and Discussion
Once all the data was collected the following analysis was performed using impedance

measurements with the excitation frequency of 190 Hz. This frequency was chosen specifically
as it is the frequency used most often with VEI measurements in the field.
•
•
•

𝐶𝐶𝑣𝑣,𝑍𝑍 was calculated.

The parameters for each of the proposed models were regressed
�)
All three metrics mentioned in the methods section, the parameters A and b, and 𝑆𝑆(𝜽𝜽
were recorded for each regression.

•
•

The condition number and the 𝐶𝐶𝑣𝑣,𝑍𝑍 was used to calculate 𝐶𝐶̂𝑣𝑣,𝑄𝑄 using equation (3-16)

Electrical impedance measurement thresholds were calculated to be equivalent to the
RCPT thresholds described in the ASTM c1202 standard.

•

The 95% joint confidence interval for A and b was calculated.
Additionally, the first four analysis performed at 190 Hz was also performed for all

measured frequencies resulting in frequency dependent outputs. Using 𝐶𝐶̂𝑣𝑣,𝑄𝑄 as the criteria for

optimality the best measurement frequency for estimating RCPT from electrical impedance
measurements was chosen.

A representative electrical impedance sweep is shown in Figure 3-3. This figure shows
that low frequencies are dominated by double layer capacitance and electrode polarization as
indicated by higher impedance and more negative phase. At high frequencies the effects of
parasitic capacitance begin to be visible with a decrease in magnitude and phase [9].

46

Figure 3-3: Impedance sweep from 100 Hz to 3 MHz of a representative test specimen. The
complex valued impedance is shown as a magnitude and phase component.
The results for replicate testing to find the coefficient of variance for electrical impedance
testing are shown in Table 3-1. The mean of the coefficient of variation is 15.3% and can be
used to estimate the standard deviation for each electrical impedance measurement.
The results of both the electrical impedance at 190 Hz and RCPT testing for all specimens are
shown in Figure 3-4. Both the magnitude and real portion of the impedance are shown in this
figure, but are so similar that usually the real portion lies on top of the absolute value. This graph
also includes thin translucent ovals indicating the 95% confidence interval for each data point.
Qualitatively from this figure, electrical impedance measurements appear to be inversely
proportional to RCPT Measurements.

𝜇𝜇𝑍𝑍
𝜎𝜎𝑍𝑍
𝐶𝐶𝑣𝑣,𝑍𝑍

Table 3-1: Estimated mean, standard deviation and coefficient of variation
calculated from replicate testing.
Specimen Specimen Specimen Specimen Specimen Specimen
1
2
3
4
5
6
4544
5803
2518
1449
1682
2152
847.4
488.7
398.9
287.6
290.4
256.5
18.6%
8.4%
15.8%
19.8%
17.3%
11.9%
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Figure 3-4: Results from laboratory experiments showing the data points and their 95%
confidence interval.

The regression results of each of the models proposed in the methods sections is shown in
Table 3-2 and can be visualized in Figure 3-5. The 𝑅𝑅 2 value is extremely high for each of these

regressions. This value is higher than often seen in most regressions, which is good, but should
be used cautiously as the weighting, non-linearity, and variance in the independent variable can
�𝑀𝑀 metric indicates that most data
make the 𝑅𝑅 2 value look more impressive than it is [43]. The 𝐷𝐷

points are within 1.5 standard deviations of the model The 𝜅𝜅 values are all close to one,
indicating that 𝐶𝐶̂𝑣𝑣,𝑄𝑄 will be similar to 𝐶𝐶̂𝑣𝑣,𝑍𝑍

Table 3-2: Regression results for electrical impedance measured at 190 Hz.
Model

𝐴𝐴
|𝑍𝑍|
𝐴𝐴
𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 =
|𝑍𝑍|𝑏𝑏
𝐴𝐴
𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 =
𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅(𝑍𝑍)𝑏𝑏
𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 =

A

b

0.99749

�𝑀𝑀
𝐷𝐷

1.57

3.50x106

54.67

0.99872

1.17

51.01

0.99882

1.13

Cost

R2

107.4
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𝐶𝐶̂𝑣𝑣,𝑄𝑄

X

𝜅𝜅
1

15.3%

4.21 x105

0.71

1.41

21.5%

4.84 x105

0.74

1.35

20.7%

Figure 3-5: The best fit lines of different models along with the corresponding data points.

Using the magnitude model the thresholds shown in Table 3-3 were found to be
equivalent to the ASTM C1202 RCTP thresholds. The results of this threshold selection can be
visualized in Figure 3-6. The pink boxes in the figure represent the location where electrical
impedance measurements and RCPT measurements agree on the chloride ion penetrability level.
All but four of the 30 data points fall within the threshold boxes. For the four samples that don’t
fall within the threshold boxes the 95% confidence region associated with that data point
intersects at least one threshold box. This indicates that electrical impedance is highly predictive
of the chloride ion permeability.
Table 3-3: Thresholds of RCPT and VEI to describe
chloride ion penetrability.
Impedance Magnitude (Ω)
Chloride Ion Penetrability
RCPT (C)
High

>4,000

<1,100

Moderate

2,000-4,000

1,100-1,900

Low

1,000-2,000

1,900-3,000

Very Low

100-1,000

3,00-16,000

Negligible

<100

>16,000
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Figure 3-6: Threshold regions for both RCPT and electrical impedance.

The 95% joint confidence interval of A and b is shown in Figure 3-7. This confidence
interval shows that the true value of A likely can fall anywhere between 1.5E5 and 7.0E5 and b
can range from 0.575 to 0.775. These parameters are also highly correlated.
Up to this point the data analysis has primarily focused on electrical impedance values
corresponding to an excitation frequency of 190 Hz because it is the most commonly used
frequency during VEI field testing. Other frequencies can also yield valuable information.

Figure 3-7: The 95% joint confidence region of the parameters A and b.
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The frequency-dependent coefficient of variation for electrical impedance measurements
is shown in Figure 3-8. This graph shows that there is less measurement noise at higher
frequencies. The trend of a decreasing coefficient of variation with higher frequencies could
falsely be interpreted as higher frequencies being better at predicting RCPT values. This
assumption isn’t always correct as predictive capabilities is also a function of the condition
number which is dependent upon the model parameters. Notably, as past work has shown, the
frequency of measurement can also reveal different types of deterioration [9].

Figure 3-8: Frequency-dependent coefficient of variation for laboratory based electrical
impedance measurements.

�𝑀𝑀 , 𝐴𝐴, 𝑏𝑏, and 𝜅𝜅(𝑧𝑧) are given in Figure 3-9 The frequency-dependent results of 𝑆𝑆(𝜃𝜃), 𝑅𝑅 2 , 𝐷𝐷

Figure 3-14.
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Figure 3-9 : Frequency-dependent total cost function.

As shown in Figure 3-9, the frequency-dependent cost function is minimized at 330 kHz
with a value of 36.6 for the real model, and at 450 kHz with a value of 37.7 for the magnitude
model.

Figure 3-10: Frequency dependent R2 metric.

As shown in Figure 3-10, the R2 metric is maximized at 190 kHz with a value of 0.99918
for the real model, and at 210 kHz with a value of 0.99916 for the magnitude model.
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Figure 3-11: Frequency dependent mean Mahalanobis distance metric.

�𝑀𝑀 metric is minimized at 170 kHz with a value of 0.80 for
As shown in Figure 3-11, the 𝐷𝐷

the real model, and at 270 kHz with a value of 0.80 for the magnitude model.

Figure 3-12: Frequency dependent A parameter.
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As shown in Figure 3-12, the 𝐴𝐴 value ranges from 6,600 to 540,000. 𝐴𝐴 has a tendency to

get smaller with higher frequencies, but this appears to be largely caused by the impedance
magnitude decreasing with higher frequencies.

Figure 3-13: Frequency dependent b parameter.
As shown in Figure 3-13, the b parameter ranges from 0.36 to 0.78.

Figure 3-14: Frequency dependent condition number.
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As shown in Figure 3-14, the 𝜅𝜅 metric is minimized at 6.7 kHz with a value of 1.27 for

the real model, and at 12 kHz with a value of 1.27 for the magnitude model.

These figures and associated analysis indicate that using the real model usually
outperforms using the magnitude model in most situations less than 500 kHz. The metrics
�𝑀𝑀 , 𝑎𝑎𝑎𝑎𝑎𝑎 𝑆𝑆(𝜃𝜃�) all appear to be best in the hundreds of kilohertz range, however 𝜅𝜅 is not. One
𝑅𝑅 2 , 𝐷𝐷
interpretation of this observation is that 500 kHz results in the regressed line fitting the data the
best, but inverting the model is more difficult at this frequency, meaning it is not the best
frequency to measure VEI if the goal is predicting RCPT.
One objective of analyzing the entire frequency range of impedance values is finding the
frequency at which VEI is the most predictive of RCPT. The criteria this research uses for
optimality is the minimum variance of the estimator output (𝐶𝐶̂𝑣𝑣,𝑄𝑄 ). The variance of the estimator

output is the function of both the input variance and the condition number Equation (3-16).

Figure 3-15 shows the frequency dependent 𝐶𝐶̂𝑣𝑣,𝑄𝑄 with the absolute minimum occurring at 25 kHz
with a value of 14.1% for the real model and at 35 kHz with a value of 14.1% for the magnitude
model. At these frequencies VEI measurements can predict RCPT measurements almost as
accurately as the actual RCPT measurement with less than two percentage points more
uncertainty.
Although VEI appears to be slightly less accurate than RCPT measurements from a
prediction point of view, there are many benefits to using VEI instead of RCPT measurements.
VEI can be performed in less time. A single impedance sweep takes less than a minute while
RCPT testing takes six hours. VEI is more adaptable to specimen size. Most RCPT test cells
only allow measurement of a 100 mm tall cylinder with a radius of 100 mm. VEI should be able
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Figure 3-15: Frequency dependent estimated coefficient of variation for RCPT using VEI as a
pseudo RCPT measurement.

to test most shapes with a flat top and bottom surface; however, a shape factor would have to be
applied as a correction factor.
Although VEI can be measured in the field, there are additional variables that make field
measurements different than laboratory measurements. These variables include the conditioning,
concrete water saturation, probe shape/size, presence of overlays or epoxy coated rebar, and
large area electrode effects. Converting field measurements to laboratory-equivalent
measurements will be needed for acceptance of VEI measurements as proxy for RCPT. For
example, future studies will explore if 25 kHz remains the optimal testing frequency in the field
or if other frequencies work better when the concrete is conditioned differently. Different
frequencies might be more sensitive to other types of defects and 25 kHz might not be the
optimal frequency for inferencing other parameters of interest besides RCPT
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CHAPTER 4.

VERTICAL ELECTRICAL IMPEDANCE MEASUREMENTS OF
ASPHALT OVERLAYS

4.1

Overlay Background
Overlays are placed on concrete bridge decks to prevent the ingress of corrosive agents,

such as de-icing salts, as well as to improve ride quality [46, 47]. Overlays may be constructed of
various materials, including portland cement concrete, polymer concrete, epoxy, bituminous
membranes, and asphalt. An overlay thickness can vary from a fraction of an inch for thinbonded polymer overlays to several inches for asphalt overlays. When overlays fail, they can
allow leakage of corrosive agents into the deck, and visual inspection of the occurrence of
damage is often impeded by the presence of the overlay. While a variety of tools have been
developed for non-destructive evaluation of concrete bridge decks, such as sounding, infrared
thermography, ground penetrating radar and half-cell potential testing [7], these techniques are
often unsuccessful when applied to concrete bridge decks with overlays. In particular, the
comparatively high thickness, impermeable underlying membrane, and different modulus of
asphalt overlays render many of these non-destructive evaluation methods ineffective.
This chapter presents the use of VEI to quantify the protection asphalt overlays provide to
bridge decks. VEI was used to non-destructively measure, map, and evaluate compromised areas
of five concrete bridge decks surfaced with asphalt overlays in northern Utah. Additionally,
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surface cracking observations and laboratory tests on cores obtained from the same five bridge
decks were used to validate the VEI measurements.

4.2

Experiments

4.2.1

Field Experiment
VEI scanning was performed on five concrete bridge decks with asphalt overlays. The

decks, all of which were at least 15 years old at the time of testing, are located in northern Utah
and are described in Table 4-1 and shown in Figure 4-2. To provide an electrical ground
connection for the VEI measurements, a small hole was drilled within the shoulder of each
bridge to allow for a direct electrical connection to the rebar using a reel of wire. VEI
measurements were collected using an older version of the apparatus described in Chapter 2 and
is shown in Figure 4-1. The apparatus consisted of six probes spanning a transverse distance of
3.7-m and attached to a moving platform [15]. Each probe made approximately three
measurements of complex-valued impedance per second at an applied frequency of 190 Hz.
During scanning, the longitudinal position of the apparatus was recorded electronically using a
wheel encoder, while the transverse position was recorded using light detection and ranging
(LiDAR) sensors pointed horizontally at the parapet walls. A sprinkling system attached to the
front of the apparatus sprayed water on the deck surface to provide for better electrical coupling
between the probes and concrete. The recorded data were then processed using a position
estimation routine to generate impedance maps.
Additional field information was also obtained for each bridge deck. Any major defects
visible on the surface of the asphalt overlays at the time of testing were documented. The asphalt
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and membrane overlays were also cored at six randomly selected locations so that the cores
could be further evaluated in the lab. These results were then compared with the data collected
from the VEI apparatus.
Table 4-1: Information about each bridge scanned in this research.
Age
(years)
Bridge
1
Bridge
2

29

Overlay
Age
(years)
7

28

Bridge
3
Bridge
4
Bridge
5

Length Width Spans
(ft)
(ft)
226

162

3

7

152

42

1

34

22

128

54

1

21

21

164

55

1

15

15

213

27

4

Support

Functional
Class

AADT

Steel
girders
Steel
girders

Urban
interstate
Urban
interstate
off-ramp
Rural minor
arterial
Rural other
principal
Urban
interstate
on-ramp

81,599

Prestressed
concrete
Steel
girders
Prestressed
concrete

Figure 4-1: Multi-channel VEI testing apparatus.
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3,102
4,046
9,600
8,029

a)

b)

c)

d)

e)
Figure 4-2: Photographs of inspected bridges: (a) Bridge 1, (b) Bridge 2, (c) Bridge 3, (d)
Bridge 4, and (e) Bridge 5.
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4.2.2

Laboratory Experiments
Following field testing, all sampled asphalt cores were stored in a dry environment until

they could be analyzed. After one year, the cores were prepared for laboratory testing by
removing any membranes attached to the cores as shown in Figure 4-3. After preparation, both
the membrane and overlay were measured using an Agilent 4294A impedance analyzer. The
impedance analyzer was set to sweep from 10 MHz to 100 Hz with 201 logarithmically spaced
samples, the oscillator level was set to be 0.5 V and the bandwidth setting was set to 4. Each
core and membrane was placed in a 7” diameter dish with a conductive cloth lining the bottom of
the dish as seen in Figure 4-4. The impedance analyzer’s low side port connected to the
conductive cloth through a tab extending out of the dish.

Figure 4-3: Removal of membrane from asphalt core

Figure 4-4: Testing dish with conductive cloth lining the bottom.
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The following protocol was used to test the asphalt cores: A ring of plumbers’ putty
(Harvey’s #043010) was placed on the top surface of the cylinder as shown in Figure 4-5. The
core was placed in a testing dish with 50 ml of water. 20 ml of water was placed in the putty
ring on the top of the core. The circular brush probe was placed on top of specimen with a 1 kg
weight on top of the probe. Eight impedance sweeps were recorded and averaged. The
plumbers’ putty was removed and the core was placed in a regulated 77 °F water bath for 15
minutes (timing/temperature adopted from ASTM D2041 test standard). The core was removed
and dried to a saturated surface dry condition. Impedance testing with a putty ring was repeated.
The core was then placed in a 140 °F water bath for 24 hours and then placed in a 77 °F water
bath for two hours (timing/temperature adopted from ASTM D1075 testing standard).
Impedance testing with a putty ring was repeated.
After testing the cores for each bridge, the membranes were tested using the same
procedures with only the following two differences. Due to the flatter, thinner nature of the
membrane only 10 ml of water was added to the testing dish instead of 50 ml. Preliminary
testing showed that 24 hours of soaking in 140 degree water irreversibly deteriorated the

Figure 4-5: Schematic (left) and photo (right) of impedance testing.
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membrane, and so the temperature used for soaking was changed to 77 degrees Fahrenheit for
both baths. In addition to testing the membrane of each core location a brand new intact
membrane (GCP Applied Technologies) was also tested as a reference.
Some cores and membranes were not tested during this experiment due to complications
in removing them. The cores not tested were: Bridge three, hole four and hole six; bridge four
hole five. The membranes that weren’t tested were: Bridge four hole five; Bridge five hole five;
and all of bridge 3 since no membrane was present for the entire bridge.
During impedance testing it was noted that many of the membranes had holes in them.
Some of the holes were likely caused in the membrane removal process or from removing the
core from the bridge. To document these defects a light was used to illuminate the underside of
each me membrane and a photograph of the membrane was taken. Each image was processed
using a simple threshold and the percentage of light pixels compared to total pixels of the
membrane was calculated. Examples of the defects observed in the membranes are shown in
Figure 4-6.

Figure 4-6: Example of membranes with worsening condition from left to right.
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4.3

RESULTS AND DISCUSSION

4.3.1

Field Results and Discussion
The impedance results and coring locations for all five bridges are shown in Figure 4-7 -

Figure 4-11. Additionally Table 4-2 shows noteworthy features of each bridge that were noted
while testing.
The results from Bridge 1 and Bridge 2 demonstrate the utility of scanning VEI
measurements for detecting cracks in asphalt overlays and also quantifying their severity. Visual
inspection identified one long crack on Bridge 1 and two long cracks on Bridge 2. Visual
inspection alone could not quantify the susceptibility to chloride ingress these cracks cause.

Table 4-2: Visually noted features of each bridge deck.
Bridge

Features

1

A major crack was observed along the wheel path of the tested lane.

2

Two long cracks, one in each wheel path, were observed in the asphalt overlay.

3

The asphalt overlay visually appeared to be in great condition. No membrane was
present.

4

The asphalt overlay and membrane visually appeared to be in great condition.
During testing water appeared to pool at a transverse distance of ~7’ for the first half
of the bridge.

5

The asphalt overlay appeared very porous, but the membrane seemed to be in great
condition.
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Figure 4-7: Impedance map of bridge deck 1. The red oval indicates the location of the noted
crack. Black crosshairs represent the 6 core locations.

Figure 4-8: Impedance map of bridge deck 2. The two red ovals indicate the locations of the
crack. Black crosshairs represent the 6 core locations.

Figure 4-9: Impedance map of bridge deck 3. Black crosshairs represent the 6 core locations.
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Figure 4-10: Impedance map of bridge deck 4. The red oval indicates the location of the pooling
water. Black crosshairs represent the 6 core locations.

Figure 4-11: Impedance map of bridge deck 5. Black crosshairs represent the 6 core locations.

The VEI measurements show that the crack on Bridge 1 and one of the cracks on Bridge
2 reduced the impedance by an order of magnitude compared to the rest of the bridge, and that
the second crack on Bridge 2 reduced the impedance by almost two orders of magnitude. The
lower impedance values on Bridge 2, which was exposed to heavier trafficking, are consistent
with observations from previous research indicating that the service life of an asphalt overlay in
the left lane can be significantly longer than that of an asphalt overlay in the right lane due to
differences in traffic loading.
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The results from bridge 3 and bridge 4 further demonstrate the utility of scanning VEI
measurements for detecting subsurface defects. Even though visual inspection suggested that the
overlays on both bridges were in pristine condition, these bridges had significantly different
impedance maps. Bridge 3 exhibited the lowest average impedance of all five bridge decks,
attributable to the absence of a membrane beneath the asphalt overlay on that bridge, while
bridge 4, which had an intact membrane at each coring location, exhibited the highest
impedance. Bridge deck 5, which had a membrane, had a higher impedance than bridge deck 3,
but the high porosity asphalt resulted in a lower overall impedance than bridge deck 4. It was
noticed that on bridge 5 the asphalt overlay was in moderate condition, but the underlying
membrane seemed to be in good condition. This resulted in a fairly uniform impedance across
the bridge deck that was higher than average, but not as high as bridge deck 4.

4.3.2

Laboratory Results and Discussion
The histogram of impedance magnitude for all samples taken from cores and membranes

at a measurement frequency of 190 Hz is shown in Figure 4-12 The histogram is subdivided into
the different soaking times. Table 4-3 reports the mean impedance value of each bridge
according to soaking time and can be visualized in Figure 4-13. Using a Welch’s t-test on this
data it can be statistically shown with high levels of confidence that impedance measurements
are different if a test specimen is dried compared to one that has been soaked for as little as 15
min. time as shown in Table 4-4. Figure 4-12 and Table 4-3 show that soaking a dry core results
in about an order of magnitude decrease in the overall impedance. Soaking a core for a full 26
hours exacerbates this difference and impedance can drop over two orders of magnitude. This
observation is consistent with the knowledge that the dominant current carriers in asphalt are
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ions that are present in the pores and voids. As these pores and voids are saturated with water
ions impeded less as they travel through the asphalt.

Figure 4-12: Histograms of impedance values for asphalt cores (left) and membranes (right).

Table 4-3: The mean impedance of each bridge deck.

Bridge 1
Bridge 2
Bridge 3
Bridge 4
Bridge 5

Dry
3.04E+07
2.69E+07
3.31E+07
5.68E+07
2.25E+07

Cores
15 min.
1.75E+06
3.63E+05
7.89E+04
5.72E+06
8.14E+05

Soaked
2.54E+04
3.14E+04
1.58E+04
2.54E+05
6.77E+04

Dry
3.52E+04
1.96E+05
x
1.49E+06
8.03E+06

Membranes
15 min. Soaked
3.16E+04 1.70E+04
1.81E+04 8.08E+03
x
x
1.92E+05 2.30E+04
1.20E+06 9.47E+04

Figure 4-13: The mean impedance for each bridge deck.
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Table 4-4: The results from a Welch’s T test between the different soaking categories.
Cores

Membrane

Comparison
Dry-15min
Dry-Soaked
15min-Soaked
Dry-15min
Dry-Soaked
15min-Soaked

t
8.81
9.62
1.81
1.94
2.27
1.52

P
2.42E-10
1.11E-10
8.05E-02
6.46E-02
3.30E-02
1.43E-01

Comparing the impedance of cores to membranes it is clear that cores on average have
higher impedance than the membranes. This is contrary to common belief that membranes
provide more protection to the bridge deck than the asphalt overlay. This is largely due to the
holes observed in the membranes. To further understand how holes in a membrane effect the
overall impedance a computer algorithm was written to find the total area of the membrane that
had holes. The results of this analysis is shown in Table 4-5 and can be visualized in Figure
4-14.

Table 4-5: Percentage of compromized area for each membrane.
Bridge 1
Bridge 2
Bridge 3
Bridge 4
Bridge 5

Core 1
0.003%
0.000%
x
0.004%
0.002%

Core 2
0.000%
0.013%
x
0.164%
0.000%

Core 3
0.001%
0.006%
x
0.439%
0.123%
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Core 4
0.069%
0.041%
x
x
x

Core 5
0.017%
0.179%
x
0.089%
0.049%

Core 6
0.048%
0.013%
x
0.012%
0.005%

Figure 4-14: Comparison of VEI to percentage of compromized area.

This data seems to indicate that having little or no visually apparent compromised area
does not guarantee a high impedance, but it does show that even small seemingly insignificant
holes can drastically reduce the overall impedance and drastically reduce protection to the bridge
deck. The extreme drop off in impedance with respect to compromised area indicates that VEI of
the membrane is very sensitive to defects in the membrane.
A direct comparison of the impedance for a given core relative to the corresponding
membrane is desirable. Figure 4-15 shows the impedance of the asphalt for a given core side by
side with the impedance of the membrane from the same location on the bridge deck.
When the asphalt is dry it significantly outperforms all membranes at every core location
and the control membrane. This indicates that when the asphalt is dry it provides significant
protection against ion permeability. Asphalt likely outperforms the membranes in this case due to
the large thickness and lack of water in the pore space. After 15 minutes of soaking the asphalt
still outperforms membranes at most core locations. The few exceptions are locations where the
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Figure 4-15: Side by side impedance comparison of asphalt core (blue dots) and membranes
(green dots) and a control membrane (green dashed line).

membrane had little to no deterioration. This pattern was the same after 26 hours of soaking.
The control membrane represented in these three graphs remained at a similar impedance
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independent of soaking time and outperformed asphalt in most cases. This indicates that there
was some difference between the control membrane and the other membranes, even the ones
with no visibly apparent defect. This difference likely indicates that membranes were
compromised in ways not visually apparent. It is still unknown if the membranes were
compromised in the construction process or if it deteriorated over time, but VEI could resolve
this uncertainty by monitoring the impedance of a membrane before and after construction
happens.
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CHAPTER 5.

5.1

CONCLUSION

Contributions
This research contributes much to the bridge inspection community. The VEI apparatus

is one of the few assessment tools that can potentially inspect bridge decks without stationary
traffic control. VEI is one of the few assessments that correlates with all four of the major bridge
deck deteriorations described in strategic highway research program [8]. VEI is one of the only
known non-destructive evaluation techniques that reliably provides valuable measurements of
deterioration susceptibility in bridge decks with asphalt overlays. RCPT measurements are
highly related with impedance measurements allowing VEI to act as a pseudo-RCPT
measurement. In addition to the contributions expressed in earlier chapters it is expected that the
multi-channel impedance analyzer developed in Chapter 2 could be a significant contribution to
other research communities for applications that need low cost impedance analyzers, guard ring
supported impedance analyzers, and/or small/lightweight impedance analyzers. It is also
expected that this research could be a good foundation for future research in impedance
tomography.

5.2

Future Work
VEI testing is a relatively new assessment tool and still needs a lot of research before it

reaches maturity. Below are some ideas of for future research in this area.
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Long term bridge observation – VEI is one of the few technologies that is capable of scanning a
bridge without stationary traffic control. At high scanning speeds, the cost of scanning is
relatively low, allowing for bridge inspections on a more frequent interval. VEI provides a great
opportunity for a long-term monitoring research. Through this type of research, deterioration
mechanisms could be better understood as a bridge naturally deteriorates.
Relating field measurements to laboratory measurements – Chapter 3 relates VEI to RCPT
measurements. During this experiment the test specimens were vacuum saturated which
drastically decreases the VEI measurement. If a correction factor was found that converted field
VEI measurements to the laboratory equivalent measurement, then field VEI measurements
could be used as a pseudo RCPT field measurement. It is hypothesized that the correction factor
is bridge dependent and is likely dependent on cover depth, overlays, and water saturation state.
Multiple frequency excitation – The impedance analyzer described in Chapter 2 can be
configured to measure the impedance at multiple different frequencies simultaneously. Some
features of bridge decks are correlated to impedance at only certain frequencies. Finding a few
frequencies that correlate differently to bridge deck features could help better estimate the bridge
deck deterioration state. Additionally, a broader range of frequencies may allow for more precise
determination of the types of deterioration that exist on bridge decks.
Understanding probe cross-talk – The multi-channel design of the VEI apparatus allows for
much greater scanning speed, but also allows probes to interfere with each other. The guard ring
mitigates cross talk, but it still occurs. A deeper understanding of this cross-talk would allow for
better mitigation or possible new test methods that use the cross-talk to better assess the bridge
deterioration state. This problem is most apparent when there is a low impedance connection
from one guard ring to another.
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Bayesian occupancy grid – an occupancy grid is a research topic in the robotics community
related to mapping. It is expected that an occupancy grid could be used on a bridge deck to help
detect defects in the presence of uncertainty. In order for the occupancy grid to work, an inversesensor model would be needed to define the probabilities of deterioration at all location on a
bridge given a measurement. It is hypothesized that a variety of measurements could be fused
together to form a probability of occurrence for each of the different types of deck deterioration.
This occupancy grid could also be used in the SLAM problem of simultaneously localizing and
mapping a bridge.
Channel Sounding – VEI measurements in the field are related to channel sounding in the
communications community. During VEI both the transmitted and received signals are known
but the channel is not. VEI could likely use some of the techniques used in channel sounding to
better estimate the VEI of the bridge. Deconvolution in particular is hypothesized to be able to
provide a more detailed impedance map.
Effects of travel speed – It has been shown that the traveling speeds effect VEI measurements.
Further research could model this effect and allow higher testing speeds for deployment of the
VEI apparatus.
This research relates to the development of rapid nondestructive assessment tools for
concrete bridge decks. It is expected that this research has great potential to reduce the cost of
bridge maintenance and increase the safety of bridges. The principles employed are broadly
applicable and could be beneficial for most research projects related to material inspection.
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